The metal binding properties of the human copper chaperone ATOXI and its yeast homologue Atxl Cu(ll) with either oxidized or reduced protein resulted in similar increase in absorbance at 254 nm, implicating Cu-thiolate formation in both forms of the protein, but titration with Ag(i) caused the increase in absorbance at 254 nm with the reduced protein only. These data indicate that Cu(1), Ag(1), Hg(ll) and Cd(ll) are all capable of binding to ATOXI and Atxl, but the characteristics of the binding to these copper chaperones differ for different metals.
INTRODUCTION
Copper is an essential trace element in all living organisms. It plays a crucial role in cellular respiration, antioxidant defense and iron metabolism in eukaryotes/1/. Since free intracellular copper can be toxic even at low concentrations, specialized systems for transport and homeostatic mechanisms are required to maintain safe intracellular concentrations of this metal inside the cells. Insight into the mechanism of copper trafficking has followed the characterization of genes involved in the inherited copper disorders Despite the similarity between Atxl and ATOX1, to date there have been no studies examining the dimerized state of metal-bound Atxl. This report presents evidence that both Atxl and ATOXI exist as a mixture of monomers, and dimers, and that different metals or redox states confer different conformations and oligomerization of both proteins.
MATERIALS AND METHODS

Cloning of ATOX1 and Atxl
Both ATOXI and Atxl were expressed as fusion proteins with GST (glutathione-S-transferase) at the Nterminal portion of the molecule, using expression vector pGEX-6P-2 (Amersham-Pharmacia Biotech), according to standard protocols of molecular biology. The vector contains a "Prescission" protease (human rhinovirus 3C protease) cleavage site, enabling the removal of GST moiety from the cloned proteins at the final step of purification.
Site directed mutageneses of ATOX1
Mutageneses on the construct of ATOX1 in pGEX-6P-2 vector were performed by using a USE Mutageneses Kit Size exclusion chromatography of the metal-protein complexes
The metal protein complexes of ATOX1 or Atxl were prepared by incubating purified protein (0.1 mM) in 0.5 ml of 20 mM MES pH 6.0, containing one molar equivalent of metal (Cu (ll),or Ag(1), or Cd(il)), and 3 molar equivalent of DTT, at room temperature for 30 min. The excess metal and reducing agent were removed by gel filtration on Bio-Gel P-10 (Bio-Rad) column (separation range 20 kD-I kD), with the column dimension of 1.5 x 60 cm. One-ml fractions were collected. The molecular sizes of the eluted metal-protein complexes were assessed by comparison with elution profiles of molecular weight standard proteins, applied to the same column.
Determination of Free Thiols (Ellman's Assay)
The free thiol group was determined in the presence and absence of 6 M guanidine.HCI in 0,1 M phosphate buffer pH 8.0, with addition of 0.1 mM DTNB (dithio-l,4-nitrobenzoic acid). The change in absorbance at 412 nm was monitored at 25C and the total sulfhydryl content was calculated according to the method described by Creighton/40/.
Determination of metal content in metal protein complexes
The extent of copper, or cadmium incorporation was determined by spectrophotometry, using the metallochromic indicator 4-(2 pyridylazo)-resorcinol (PAR) to determine the amount of metal released after treatment of metal-protein complexes with sodium hypochlorite (NaOCI), as described by Casadevall and Sarkar/41/ with some modifications. Copper(1) content in copper bound protein was also determined by BCA reaction described by Brenner and Harris /42/. Alternatively, the Cu(l) content in the mixture was measured by the BCS competition reaction. This reagent was also used to determine Cu(l) in the presence of Cu(ll) directly in titration experiments described in the following section. The appearance of a Cu(BCS)2 complex was measured by monitoring the absorbance at 483 nm, with a molar extinction coefficient of 12250
UV-visible spectra of metal-protein complexes All UV-visible spectra were recorded on a Hitachi U-3210 Spectrophotometer. Spectra of metal-protein complexes were generated by direct titration of aliquots of Cu(ll) or Ag(1) solution with freshly reduced proteins (prepared by incubation of the proteins with DTT followed by gel filtration to remove excess DTT), or oxidized proteins (proteins that had been stored at 4 C for at least 2 weeks). The spectra between wavelengths of 240-360 nm were recorded; the metal-complex formations were followed by measuring increases in absorbance at 254 nm.
Chemical Cross-Linking
Cross-linking reactions were carried out in the absence and presence of metal ions, according to the manufacturer's protocol. The cross-linking agents used were DMS (dimethylsuberimidate (Pierce), spacer arm 11 A) and EGS (ethylene glycobis(suifosuccunimidylsuccinate (Pierce), spacer arm 16.1 A). Both are reactive toward amino acid containing primary amine groups such as Lys residues. The cross-linked products were analysed on SDS-PAGE. Control reactions, without cross-linkers, were performed in parallel.
RESULTS AND DISCUSSION
Gel mobility patterns of different metal bound forms of ATOXI on native and SDS gel electrophoresis. Figure A shows mobility patterns on native-PAGE of apo (untreated), reduced, and metal-bound ATOXI in the presence of mild reducing condition (reducing agent was used at equimolar concentration of Cys-residues in the protein). The untreated apo-ATOXl remained close to the top of the gel. In the presence of DTT, the apoprotein migrated faster toward anode and seemed to consist of more than one species. The Cu-complex of ATOXI only moved slightly faster than untreated apo, followed by Ag(1)-, Hg(ll)-and Cd(ll)-ATOXI which migrated the farthest. Mobility of proteins on a native gel electrophoresis depends on various factors, including conformation, size and overall charge of the proteins. Thus the different migration patterns displayed by these metaI-ATOXl complexes suggest that these metals affect the conformation or subunit structure of the protein differently.
An attempt to identi the effects of these metals on subunit structure of ATOXI by using SDS-PAGE did not provide any conclusive information, as shown in Figures B and C. When these complexes were separated on an SDS gel in the absence of reducing agent in gel sample buffer, the untreated apoprotein showed the presence of some dimer as well as trimer. All of the metal complexes also had the similar degree of dimerization; however, the Cu(I)-ATOXI showed a band smearing upward from monomer toward the dimer position ( Figure B ). This band was reversible since it disappeared when SDS gel was performed using sample buffer containing excess reducing agent, as shown in Figure 1C . Results from SDS gels also indicated that some of the dimer bands observed on the gel were not formed through disulfide bonds, as the electrophoretic patterns remained even in the presence of reducing agent. Results obtained from native gel ( Figure A ) initially led us to suspect that the untreated (oxidized) apo-ATOXl might exist as an oligomer whereas the fully reduced apo-AYOXI, as well as Cd(ll)-complex, is a monomer, and Cu(l)-or Ag(1)-complex is a dimer. Failure to detect increased oligomerization on SDS gel might be due to the instability of dimerization by metal such that in the presence of the strong negative charge of SDS the complex was able to dissociate.
One approach to capture different stages of oligomerization of protein is to use a cross-linking reagent. Thus cross-linking reactions between metaI-ATOXI complexes and DMS, or EGS were performed, and the products were separated on SDS gel. Contrary to our suspicion that the Cd(ll)-ATOX complex may exist as a monomer, results shown in Figure 2A and 2B indicated that out of the four metal-complexes, Cd(ll)-ATOXI could be cross-linked with EGS as a dimer. Dimerization of Cd(I|)-ATOXI could also be captured by using DMS, but to a much lesser extent. Hg(II)-ATOXI complex could also form a dimer, though to a lesser extent than Cd(ii)-ATOX I. Furthermore, faint bands of trimers and tetramers are also detected in the cross-linked products of metal complexes. Results Figure 3 indicate that the three mutants lacking one or both of conserved Cys residues, namely CC/SC-, CC/SS-and 3C/3S-ATOX1, behaved differently from wild type. The presence of DTT alone or together with metal did not alter gel migration patterns from that of untreated apo-proteins. However, C41S-ATOXI behaved in a similar fashion to wild type in response to reduction and to the presence of metals. Cross-linking experiments also showed dimerization of C41S-ATOXI in the presence of Cd(ll), similar to what was observed with the wild type protein (data not shown). Since this mutant was generated to imitate Atxl, this observation implied that Atxl should bind to various metals and behave in the same fashion as ATOXI as well.
To prove this point, the yeast Atxl was cloned, expressed, purified, and its metal-complexes were characterized. As expected, Atxl behaved identically to ATOXI in all aspects (Figure 4) Size exclusion chromatography of ATOXI, Atxl and their metal-complexes ATOXI, C41S-ATOXI, and Atxl, under various conditions such as untreated (oxidized apoprotein), reduced apoprotein and Cu(l)-, Ag(l)-, or Cd-complex., were characterized on a Bio-Gel P-10 column. The concentration of proteins used was 0.3, 0.5 and 0.3 mM for ATOXI, C41S-ATOXI and Atxl respectively. The concentration of metals and DTT used was at I:1 and 3:1 molar equivalent of protein, respectively. The elution profiles of these complexes are presented in Figure 5 , which shows profiles of the apoprotein and metal-complexes of Atxl as an example, in general, the elution profiles of the three proteins are similar in many aspects. The oxidized apoproteins were eluted with a peak at fraction 39 40 (fraction size of ml). Cu(l)-or Ag(l)-complex was also eluted off at a similar location. However, the reduced apoproteins as well (1)-complex emerged as two well-separated peaks ( Figure 6 ). The first peak came off at the void volume and contained some precipitation; the second peak was at fraction 35-36, which is the range of dimer/monomer mixture. The first peak contained some aggregated Cu(1)-bound protein, which formed a yellowish-green precipitate after centrifugation. The Cu(1) content in the soluble part of this peak was about 2 mol per mol of protein, whereas the Cu(1) content in the second peak was only 0.5 per mol. The precipitation of Cu(l)-protein complex, when ATOXI was used at high concentration and in the presence of 2 times excess copper, has been consistently observed in our laboratory when the dialysis method was used to remove excess copper, even under inert atmosphere of argon gas. Elution volume, ml Fig. 6 : Size Exclusion chromatography of Cu(I)-ATOXI. 0.5 ml of mM Atoxl +2 mM Cu(ll)+3 mM DTT was loaded onto a Bio-Gel P-10 column. All conditions are the same as in Figure 5 Comparative Anal) UV-visible spectral characteristics of metal-protein complexes of Atxl and ATOX1
The peak fraction of metal-protein complexes of Atxl, obtained from gel filtration experiments shown in Figure 5 , were scanned between the wavelengths of 240-360 nm. Other than the protein peak at 276 nm, all metal-bound proteins displayed an increase in absorbance at 254 nm, as compared to apoprotein, but with different intensity depending on the metal used. Ag(1)-complex was the highest, followed by Cu(1)-complex, then Cd(ll)-complex, which had the weakest absorption at this wavelength ( Figure 7 ). The scans of ATOXI or C41S-ATOXI complexed with metals also showed similar results (data not shown). The absorbance at 254 nm is probably due to the metal thiolate bond of metal protein complex.
Next, a titration experiment was attempted by following the increase in the absorbance at 254 nm after addition of Cu(ll) solution to the freshly reduced ATOX1. Figure 8A shows typical results of titration between reduced ATOXI with increasing concentration of Cu(ll), from 0.1 to 6 molar ratios with respect to protein. As can be seen, the absorbance at 254 nm increased with increasing ratio of Cu(ll) and slowly leveled off after 2:1 molar ratio of Cu(ll) to protein was added. After ATOXI was titrated with 6 molar excess of Cu(ll), there was only a total of mol of Cu(1) incorporated per mol of protein, as determined by BCS reaction with the metal-protein mixture. BCS reacts specifically with Cu(1) and can be used to assay Cu(1) in the presence of excess Cu(ll) (43) The Cu(1)-ATOX1 complex (or CuATOXI) was relatively stable for at least 5 days. It should be pointed out also that these experiments were performed under normal laboratory conditions without any extra precaution of maintaining anaerobic environment. Under these conditions, there was no evidence of precipitation when excess Cu(ll) was used. These findings contrasted the result obtained when the protein was used at mM and with 2x Cu(ll), which resulted in two species of Cu(l)-complexes, one more aggregated containing 2 moi of Cu(l)/mol protein, the other soluble but Bioinorganic Chemist#.y and Applications Wavelength (nm) Figure 5 were scanned between 240-360 nm containing only 0.5 tool of Cu(i) (see Figure 6 ). From titration experiments, due to low protein concentration (15 IaM), it was not possible to identify whether there was one or two species of complexes in the solution.
The presence of Cu(1) at mol/mol may represent the homogeneous species of Cu(I) bound in digonal geometry or it may consist of the mixture of dicopper and half-copper species as observed in Figure 6 . Titration of reduced ATOXI with Ag(l) also generated a pattern of incremental absorbance at 254 nm that was almost identical to that of Cu(II) titration ( Figure 8B ). The increase of absorbance generated by Cu(ll) or Ag(l) titration was reversible after the pH of the mixture was decreased below pH 2. Titration with Cd(II) produced a very small increase in absorbance at 254 nm (data not shown).
When oxidized ATOXI was titrated with Cu(II), surprisingly, there was also an increase in absorbance at 254 nm, which reached saturation with excess Cu(ll) ( Figure 8C ). However, unlike the reduced protein, the oxidized ATOXI did not have any interaction with Ag(1) since there was no increase in absorbance at 254 nm with addition of Ag(1) ( Figure 8D ). There was also a pronounced difference in absorbance of Cu-thiolate products of oxidized and reduced ATOXI at wavelength 300 nm (see Figures 8A and 8C ). There was only 0.2-0.25 mol of Cu(l) formed per mol of protein, in the mixture of oxidized ATOX and 6 molar excess of Cu(II), as opposed to 1:1 mol ratio when reduced protein was used. One possible argument for finding some Cu(1)-complex with oxidized protein is that there was still a substantial residual amount of reduced form in the mixture of "oxidized protein"; however, the lack of response to Ag (1) was incubated with 2:1 Cu(il) in the presence of DTT, and then separated on the column (shown in Figure 6 ). To clarify the differences between reduced and oxidized ATOXI and their respective metal complexes further, these samples were subjected to native gel electrophoresis. As shown in Figure 9A , the oxidized protein consisted of two bands with equal intensity and addition of Cu(ll), Ag(1) or Cd(ll) had no effect on migration pattern of the protein. However, there were striking differences among products of metal complexes of freshly reduced protein, as shown in Figure 9B . Compared to the oxidized form, which contained two bands, the reduced protein consisted mainly of a slower migrating upper band. Cu(ll) did not change the migration pattern from that of reduced protein alone, but the addition of an identical amount of Ag(l) resulted in a complex which migrated faster than the apoprotein. This occurred in spite of the fact that both metals produced a similar increase in absorbance at 254 nm. Since Cu(1) and Ag(1) have identical Figure   1A .
CONCLUSIONS
We have presented evidence that ATOXI and Atxl, as expressed, purified and used in this study, are indistinguishable from each other in terms of subunit structure and metal binding properties. Both proteins show the ability to bind to various heavy metals such as Cu(1), Ag(1), Cd(ll) and Hg(ll). However, irrespective of whether ATOXI or Atxl is used, each of these metals seems to confer different effects on the conformation or oligomerization state of the protein, as demonstrated by migration patterns on native gel electrophoresis, by cross-linking reactions and by different intensity of absorbance at 254 nm, which represent metal-thiolate charge transfer spectra. Moreover, we are able to show that ATOXI can bind and reduce Cu(ll) into Cu(l) in the absence of added reducing agent. Thus the protein indeed possesses redox activity. Previously, the Cu(1) complex of ATOXI, Atxl, or copper-binding motif of Menkes or Wilson disease protein was only demonstrated by addition of either Cu(1) solution to the reduced protein or by adding Cu(ll) solution in the presence of excess reducing agent to the protein solution. In this study, freshly reduced ATOX1 was able to reduce Cu(ll) to Cu(l) stoichiometrically to moi equivalent of the protein present irrespective of the excess amount of Cu(ll) added. The oxidized protein was also able to convert Cu(ll) to Cu(1) but with only about 20% efficiency, although in both cases there were similar increases in absorbance at 254 nm after same amount of Cu(ll) was added. Unlike Cu(ll), Ag(1) was able to bind only to the reduced form of the protein, and although Ag(1)-ATOXI displayed similar increase in UV-visible spectra as Cu(i)-ATOX 1, their conformations were definitely different as shown by native gel migration patterns.
Our studies provide strong evidence that Cd(ll)-complex of either protein is a dimer, the Hg(ll)-complex is also dimeric, but Cu(i)-complex is a mixture of various forms depending on the concentration of protein and the molar ratio of copper used. These findings indicate the need for cautious interpretation of structural data for the copper chaperones or their target proteins, in the past, Ag(l), Hg(ll), Cu(i) or Cd(il) has been used in NMR or X-ray crystallographic studies of the structure of these proteins/33-36,39/. Ag(1) was used as a ligating metal in NMR study of the fourth copper binding domain of Menkes protein/35/. In the case of ATOX 1, the crystal structure of Cd(II), Hg(II) as well as Cu(1)-complex revealed the presence of dimer for all three metal complexes /39/, whereas Hg (II)-Atxl /33/ or Cu(I)-Atxl /34/ was found to exist as a monomer. Although Ag(1) had never been used in the studies of either ATOXI or Atxl, from our studies presented here it is clear that Ag(1)-complex of both proteins is different from that of Cu(1)-complex.
